Objectives Transport hub is an important part of urban comprehensive transportation system. Traffic-related air pollution can reach high level because of difficulty of diffusion and increase of emission in transport hub. However, whether exposure in this semi-closed traffic microenvironment causes acute changes in pulmonary function of commuters still needs to be explored. Methods Forty young healthy adults participated in this randomized, crossover study. Each participant underwent 2 h exposure in a designated transport hub and, on a separate occasion, in an appointed park. Personal exposures to fine particulate matter (PM 2.5 ), black carbon (BC) and carbon monoxide (CO) were measured. Forced expiratory volume in 1 s (FEV 1 ) and peak expiratory flow (PEF) were assessed pre-, during and post-exposure. Mixed linear models were used to analyze the pulmonary effects of traffic-related air pollutants. Results Participants had significantly higher exposures to PM 2.5 , BC and CO in the transport hub than in the park. Exposure in transport hub induced significant reductions in FEV 1 and PEF compared with the park during exposure 1 and 2 h. The reductions were significant associated with traffic-related air pollutants. For instance, per 10 lg/m 3 increment in PM 2.5 was associated with -0.15 % (95 % CI -0.28, -0.02 %) reduction in FEV 1 during exposure 2 h. However, effects became attenuate after 2 h exposure. Conclusions Short-term exposure in transport hub had acute reduction effects on pulmonary function. More attention should be paid to the health effects of exposure in the semi-closed traffic micro-environment.
Introduction
Traffic emission is an important source of ambient air pollution in urban area [1] . Numerous studies have shown that chronic exposure to traffic-related air pollution was significantly associated with respiratory mortality and morbidity [2] [3] [4] [5] [6] . However, exposure to traffic emission, often includes short-term (within hours) exposure to relatively high levels of traffic-related air pollutants [7] .
Pulmonary function is an objective marker for respiratory health and a predictor for cardiopulmonary mortality and morbidity [8] . Acute effects on pulmonary function of exposure to traffic exhaust have been studied in controlled chamber studies [9] [10] [11] [12] [13] [14] [15] . However, considering the realworld exposure where mixtures of pollutants are more complex, the results of chamber studies may have some difficulties when applied to the exposure in real-world traffic micro-environment.
Nowadays, researchers began to pay attention to the pulmonary effects of exposure to real-world traffic microenvironment. Although some studies have explored the acute effects of short-term exposure to traffic emission on pulmonary function in real-world settings, the results were inconsistent. Some indicated negative effects [16] [17] [18] [19] , while others reported no acute influence [20] [21] [22] [23] . In addition, some positive associations between traffic exposure during cycling and pulmonary function were found [24, 25] .
The inconsistence may due to the different status of health. Healthy adults [18, 19] and patients [16, 17] may response differently to traffic exposure. In addition, various activity levels can influence the commuters' minute ventilations which lead to different inhaled doses of pollutants. However, the effects of inhaled doses were usually not estimated. Furthermore, we noted that the concentrations of traffic-related air pollutants in these studies were relatively low. For instance, the average concentration of fine particle (PM 2.5 ) in high-traffic route was only 5.1 lg/m 3 [21] . Beijing is a megacity with about 21 million residents and more than 5 million vehicles in 2014 [26] . The average concentration of PM 2.5 in Beijing was 85.9 lg/m 3 in 2014 according to the Beijing Environment State Bulletin [27] . Considering traffic emission is the major source of air pollution in Beijing urban area, the levels of PM 2.5 can be higher in traffic micro-environments. Transport hub is an important part of urban comprehensive transportation system in Beijing. Commuters can transfer from bus to subway or other commuting modes conveniently in the hub. However, these transport hubs always have semi-closed structure which hindered the diffusion of traffic emission. Thus the concentrations of traffic-related air pollutants can reach high levels. Although commuters' exposure in the transport hub is shortterm, considering numerous number of commuters and their approximate to traffic emission, this will be an important environmental health problem. However, whether shortterm exposure in this semi-closed traffic micro-environment can cause acute effects (within hours) on pulmonary function of commuters still needs to be explored.
To explore acute pulmonary effects of exposure to traffic-related air pollution in semi-closed transport hub, pulmonary function of young healthy adults was followed during and after short-term exposure in a large transport hub in Beijing. Young healthy adults were chosen as to avoid the influence of medication. Furthermore, effects of inhaled doses of traffic-related air pollutants were also estimated in addition to the effects of concentrations.
Materials and methods

Study subjects and design
This study was designed as a randomized, crossover study. We recruited 40 young healthy college students from Peking University Health Science Center as the study subjects. Before volunteers were included in the study, they should answer a health screening questionnaire. The inclusion criteria were as follows: no history of smoking; free of respiratory diseases; no medication that might affect pulmonary function; no other chronic diseases; no allergic factors and body mass index (BMI) B 30 kg/m 2 . About the allergic factors, if the volunteers has diagnosed or selfreported diseases related to allergic factors, including allergic rhinitis, allergic asthma, allergic conjunctivitis, allergic dermatitis and so on, they were politely excluded in the study. Sixty-five college students responded to our recruitment advertisement in the campus bulletin board, and 40 of them met the inclusion criteria and were willing to participate in the study after the study protocols had been explained.
In this study, each participant stayed for 2 h in a designated transport hub, and in an appointed park for 2 h in another exposure scenario. The designated transport hub is the biggest traffic transfer center which named ''Dongzhimen Transport Hub'' in Beijing, commuters can transfer from bus to subway or airport express in this hub. The buses which powered by diesel in the hub are at idling status most of the time in order waiting for commuters to get on and off. The traffic flow is about 600 buses per hour. The appointed park is traffic-free with an area of 1.7 hectare.
Equal numbers of participants were randomly assigned to each exposure sequence with at least a week interval. Participants were driven for approximately 10 min to the exposure sites from the university campus in a gasolinepowered car. The exposure during travel is comparable in the two exposure scenarios. During the exposure scenarios, exercises were avoided and the participants were at rest status. Pulmonary functions of participants were measured on arrival and hourly during each session, and post-exposure 5, 7, 9 and 22 h when the participants back to campus. Personal exposure to trafficrelated air pollution was measured during the 2 h of exposure. The study was carried out in weekdays between May 2012 and October 2012, sandstorm and rainy days were avoided.
The Institutional Review Board of Peking University Health Science Center approved the study, and informed consent was obtained from all individual participants in the study.
Assessments of traffic-related air pollutants
We measured the concentrations of traffic-related air pollutants including PM 2.5 , black carbon (BC) and carbon monoxide (CO) throughout each exposure session. A specially designed backpack with monitoring instruments was placed beside the participants to measure their personal exposure as described in our previous published paper [28] . Concentrations of PM 2.5 were measured by a real-time portable aerosol monitor (Side-Pak, Model AM 510; TSI, Shoreview, MN, USA). Meanwhile, concentrations of BC and CO were measured by a portable, battery-powered micro-Aethalometer (microAeth Model AE51; Magee Scientific, Berkeley, CA, USA) and T15n-enhanced CO instrument (Langan Products, San Franciso, CA, USA), respectively. The measurement interval was set as 1 min. The filters of microAeth Model AE51were changed each measuring day. Considering the influence of meteorological factors, temperature and relative humidity were also measured using HOBO Pro V2 Temp/RH (Onset, Pocasset, MA, USA) in the study.
The instruments were calibrated routinely during the study period before used in the exposure session. Data of measurements were extracted using the corresponding software of each instrument.
Measurements of pulmonary function
Forced expiratory volume in 1 s (FEV 1 ) and peak expiratory flow (PEF) and of each study subjects were measured by an electronic spirometer (Model 2110; Vitalograph Ltd., Buckingham, UK) in the study. Before the formal measurements, trained technicians instructed the study subjects to use the spirometer. A training period for each study subject lasted for about 1 week before the formal study started until the participants were familiar with the FEV 1 / PEF measuring technique to ensure the quality of the measurements. The applied procedures by the technicians conformed with the 2005 ATS/ERS procedures, and the instruments fulfilled the technical criteria of ATS/ERS. Spirometric measurements were made before exposure, hourly during each exposure session, and at 5-22 h postexposure. Each time point included two blows which were automatically recorded into the electronic spirometer with a time point annotation. Data of FEV 1 /PEF in the electronic spirometer were extracted using the Software for FEV 1 /PEF Diary (Version 2.03). If the participants made a good test, the extract data annotation will indicate ''yes'', otherwise indicate ''no''. If the participants had no good test on a specific occasion, they rested for a few minutes, and performed again. The better reading of the blows which presented the pulmonary function of the study subjects more accurately were selected and used in the final data analysis. During the study period, a symptom diary was also used to record any onset of respiratory symptoms (such as cough, wheeze, phlegm, chest tightness, throat irritation or shortness of breath) of the participants.
In total, 560 pulmonary function measurements were taken in the study period. Considering one participant's FEV 1 /PEF measurement at post-exposure 5 h, two participants' FEV 1 /PEF measurements at post-exposure 7, 9 and 22 h in the transport hub were shown to be not good test as the data extracted from the FEV 1 /PEF Diary Software indicated, so these data were excluded. Final analysis included 553 measurements in the transport hub exposure occasion and 560 measurements in the park exposure occasion.
Statistical analysis
Descriptive data for exposure variables and pulmonary function were calculated first. The data were presented as means (±SD) for normally distributed variables and median with percentile 25 and percentile 75 for other distributed variables.
Wilcoxon test was used to compare the differences in exposure variables. To control the heterogeneity in pulmonary function levels among different study subjects, FEV 1 and PEF data were transformed to percentage changes (%), by subtracting the baseline value of the subject pre-exposure from absolute values during and postexposure at different time points, than dividing the residuals by the baseline value, and finally multiplying the outcomes by 100 %. Comparisons of pulmonary function deviations were performed with the paired samples t test.
Inhaled doses of traffic-related air pollutants were calculated by multiplying concentrations of the pollutants, participants' minute ventilation, and duration of exposure, then dividing by body surface area (BSA) to correct for differences in airway epithelial surface area. The value of BSA was calculated using the equation according to the Ref. [29] .
According to the classification of activity levels, staying in the transport hub or park is a light intensity activity. Minute ventilations of men and women were 9.6 9 10 -3 and 7.7 9 10 -3 m 3 /min respectively at light intensity activity level as the Exposure Factors Handbook of Chinese Population indicated [30] .
Mixed linear models were used to analyze effects of concentrations and inhaled doses of traffic-related air pollution on changes in lung function during and after exposure compared with before. In the models, we regressed the percent change from baseline in the lung function against pollutant concentrations or inhaled doses using the mixed data of the transport hub and the park. The mixed linear models included a random intercept for each subject to account for correlations in repeated measurements and a spatial-power covariance structure was used to model correlations between the unequally spaced repeated measurements. Potential confounders were adjusted in the models, including age, sex, BMI, day of week, time of measurement, site, temperature and relative humidity. We assessed the effects of PM 2.5 , BC, and CO, respectively. Subsequently, we used two-pollutant models, in which two of the three pollutants were analyzed simultaneously.
Final results were reported as percent changes in pulmonary function with 95 % confidence intervals (CIs) for per incremental increases in traffic-related air pollutants.
All statistical analyses were performed by SAS software for Windows (version 9.2; SAS Institute, Cary, NC, USA) and the level of significance was defined as P \ 0.05.
Results
Descriptive statistics of air pollution and pulmonary function
Characteristics of the 40 study subjects were presented in Table 1 . Nobody used respiratory medication in the study. All of them participated in the two exposure scenarios successfully.
Participants had significantly higher exposures to PM 2.5 , BC and CO in the transport hub than in the park as shown in Table 2 . Especially for BC, the average concentration of it was about five times higher in the transfer hub compared with that in the park. The three pollutants measured in the study were highly correlated with Spearman's rankcorrelation coefficients as follows: 0.87 for the correlation of PM 2.5 with BC, 0.87 for the correlation of PM 2.5 with CO, and 0.81 for the correlation of BC with CO.
BC was the carbonaceous constituent of the particulate matter, and it's usually considered as elemental carbon. Generally, the particle size of BC is smaller than 1 lm. In traffic micro-environment, it mainly comes from the incomplete combustion of fossil fuels especially diesel, and was used as an indicator of traffic particles [31] . We calculated ratios of BC/PM 2.5 in different micro-environments. The ratio of BC/PM 2.5 in the transport hub was 0.11, which was much higher than the value of 0.06 in the park. This indicated more serious particle pollution from the traffic sources in the transport hub.
As Table 3 indicated both FEV 1 and PEF showed similar decreasing trends during exposure in the transport hub, and the reductions gradually became smaller post-exposure. The trends of change in pulmonary function during and post-exposure were smaller in the park.
Fewer than 2 % study subjects reported the onset of respiratory symptoms after exposure. Because of the small proportions, these differences were not further analyzed.
Changes in pulmonary function
Reductions in FEV 1 and PEF were calculated as percentage deviations from the baseline. Mean FEV 1 was lower during exposure 1 h in both sites. The subsequent decrement was greater in transport hub, with a maximal decline during exposure 2 h (-4.43 % in the transport hub vs. -1.59 % in the park). The differences between sites were significant during exposure 1 and 2 h, however, the differences became smaller and had no significance post-exposure 5-22 h (Table 4) .
The pattern for the percent changes in PEF deviation was similar, with a maximal drop during exposure 2 h (-5.29 % in the transport hub vs. -2.41 % in the park, P \ 0.05). The differences in changes in PEF between the two sites were not significant between post-exposure 5-22 h (Table 5) . Estimated effects of traffic-related air pollutants on pulmonary function
Effects of concentrations and inhaled doses of traffic-related air pollutants were both estimated. Reductions in FEV 1 were associated with PM 2.5 concentration during exposure 1 and 2 h (P \ 0.05), as Fig. 1 showed that FEV 1 decreased by -0.15 % (95 % CI -0.28, -0.02 %) per 10 lg/m 3 increment in PM 2.5 during exposure 2 h. However, the effects became attenuate and had no significance post-exposure 5-22 h. The reductions were also consistently associated with BC during exposure. For instance, per 1 lg/m 3 increment in BC was associated with -0.18 % (95 % CI -0.34, -0.03 %) reduction in FEV 1 during exposure 2 h. The reductions were also associated, although less consistently with CO. The pattern for changes in PEF was that BC was significantly associated with PEF during exposure 2 h and CO during exposure 1 h similarly, while the strength was relatively small compared with FEV 1 (Fig. 1) . After adjustment for co-pollutants in the two-pollutant models, the effects of black carbon remained the most consistent (Table S1 and Table S2 in supplementary material). Estimated inhaled doses were mostly significant associated with pulmonary function changes during exposure 1 and 2 h, while the effects became weaken post-exposure as indicated in Table 6 .
Discussion
In our study, traffic-related air pollutants were at much higher levels in the transport hub compared with concentrations in commuting modes or traffic micro-environment in other countries [21, 25] . The traffic-related air pollution problem including PM 2.5 pollution is serious in Beijing. Although the pollution tendency has gradually become better these years with the great effort of implementation of pollution prevention and control measures, air pollution control in Beijing is still a difficult task in a long term. Our study provided evidence of the acute pulmonary effects of traffic-related air pollution in Beijing. We found that stay for 2 h in the transport hub where the buses were powered by diesel resulted in significant reduction in pulmonary function. Changes were significant greater than those provoked by staying at the park. PM 2.5 , BC and CO were significantly associated with FEV 1 during exposure 1 and 2 h, but not post-exposure 5-22 h. Associations between traffic-related air pollutants with PEF showed similar trends, however, the strength was relatively small compared with FEV 1 . Although the changes were small, considering commuters always transfer in the transport hub, and PEF and FEV 1 are indicators of big airway function in the respiratory system, exposure to high levels of traffic-related air pollutants in this semi-closed traffic micro-environment in Beijing may arguably make this an important risk factor for their respiratory health.
Acute respiratory effects of exposure to diesel exhaust have also been studied in controlled chamber studies [9] [10] [11] [12] [13] [14] [15] . Most studies generally did not found effects on lung function parameters in relation to short-term air pollution chamber exposure [9] [10] [11] [12] [13] [14] . Compared with the chamber studies, our study explored the pulmonary effects in the natural environment, where more complex traffic-related air pollutants existed, this may lead to the discrepancies between the findings of the chamber studies and our own. The results of our study may be more suitable when translated to real-world exposure.
In our study, reductions of lung function were significantly associated with traffic-related air pollutants, and BC as an indicator of the carbonaceous constituent of particulate was shown to play an important role. In traffic microenvironment, BC mainly comes from the incomplete combustion of fossil fuels especially diesel, and was used as an indicator of traffic particles [31] . The results of our study were consistent with the growing evidence that the adverse effects of particles on pulmonary functions were attributable to those carbonaceous constituent in particles [17, 32] . Furthermore, high concentrations of BC with drastic variations in our study compared with previous research provided new evidence that exposure to high levels of diesel exhaust in transport hub can cause acute reduction effects on pulmonary function in young healthy adults.
We also estimated effects of inhaled doses on pulmonary function. Given the inhaled dose in our study is based on generic literature values for men and women and not on individual measurements, the small difference could be explained by the influence of the consideration of minute ventilation and body surface area. Minute ventilations are different at various activity levels, so when commuters are at different activity levels, their inhaled doses of traffic-related air pollutants can be varied. And body surface area corrected for differences in airway epithelial surface area. Thus, taking the inhaled doses of the commuters exposed in traffic into consideration is more scientific and reasonable to estimate their actual exposure level.
Our study has several strengths. First, marked different levels of traffic-related air pollution in the transport hub and the park provide a good opportunity to explore whether short-term exposure in traffic micro-environment has acute effects on pulmonary function. Second, each young healthy subject served as their own control-reduced bias from unmeasured factors and medication influence. Furthermore, personal exposure measurements of traffic-related air pollutants minimize the exposure error. However, it is important to note several limitations. Given the strong correlations between the traffic-related air pollutants, it was difficult to differentiate the individual effects of each pollutant. And the effects of more exhausted gas from vehicles such as NOx should be estimated in future studies. In addition, we did not measure indicators reflecting airway inflammation and airway resistance in the study. Although air inflammatory biomarkers had been detected in asthmatic subjects or in some chamber studies, measurements in the healthy adults in traffic micro-environment are still limited. In further researches, these biomarkers should be measured simultaneously with pulmonary function to explore the further mechanisms of traffic-related air pollution's health effects.
In conclusion, semi-closed structure of the transport hub and idling status of the buses made the levels of trafficrelated air pollutants at extremely high levels in the transport hub. Short-term exposure in this traffic microenvironment had acute reduction effects on pulmonary function in young healthy adults. Although the changes were modest in healthy individuals, they may become more substantial in susceptible populations, and such influences have important meaning for public health considering numerous number of commuters transfer in this traffic micro-environment. The results imply more attention should be paid to respiratory health effects of exposure in this important transfer link in urban transportation system.
